The lignocellulosic complex constitutes a major portion of the total carbon fixed by photosynthesis. However, only a small part of the cellulose, hemicellulose, and lignin produced as agricultural or forestry by-products is utilized; most of this material is considered waste material. Use of the polysaccharides in lignocellulosic residues is limited because of both the high lignin content of the residues and their degree of polymerization (12, 22) . Lignin degradation is an energy-consuming metabolic process that requires cosubstrates in the fermentation medium (24) . In natural substrates, cosubstrates are obtained by enzymatic hydrolysis of polysaccharides (24) . However, some fungi (the white-rot fungi) degrade lignin faster than they degrade polysaccharides, and delignified polysaccharides accumulate, thereby upgrading the waste (7, 24, 31) .
In a systematic screening of ligninolytic fungi in which preferential degradation of wheat straw lignin was studied (18) , Martinez et al. concluded that Pleurotus eryngii and Pleurotus ostreatus are the most promising fungi; these authors found that P. eryngii was the best organism examined, exhibiting nearly 50% degradation of Klason lignin during a solid-state fermentation (SSF) experiment. However, to put biological delignification processes into practice, it is essential to maximize both the rate and the specificity of lignin breakdown by providing conditions that favor lignin degradation and discourage carbohydrate consumption (11, 13, 23, 33) . P. ostreatus is an edible mushroom which is cultivated commercially worldwide. The potential of this organism for utilization and upgrading of various lignocellulosic wastes during SSF via preferential degradation of the lignin component has been investigated previously (5-7, 18, 21, 35) .
The knowledge of the regulatory mechanisms that lead to selective delignification is limited (18, 24) . In areas of decayed wood where selective delignification occurs, Mn has also been found to be oxidized (2) . It has been suggested that Mn is an important component in the degradative process and results in selective removal of lignin by white-rot fungi (2) . Increased Mn levels have been found to enhance ligninolytic enzyme levels, as well as lignin degradation by some white-rot fungi (17, 19, 20, 25, 26, 32, 34) .
The aim of this study was to investigate the involvement of Mn in preferential lignin biodegradation by P. ostreatus. This element's chemical nature and abundance constitute the basis for its involvement in lignin biodegradation (2, 15, 19, 25, 27) . Mn deposits are usually associated with preferentially delignified wood, and the quantity of Mn located in delignified regions has been reported to far exceed the quantity present in sound wood or surrounding decayed wood. Therefore, it has been suggested that an external source of Mn is essential for the process to take place (2) . Lignin degradation by P. ostreatus has also been shown to be enhanced by the addition of Mn(II) to chemically defined media during SSF (15) . However, the effects of different Mn levels on the biodegradation of polysaccharides by P. ostreatus have not been studied previously. In this study the effects of Mn (at levels ranging from 30 to 620 g/g of substrate) on preferential degradation of lignin and cellulose during SSF of cotton stalks by P. ostreatus were studied.
MATERIALS AND METHODS
SSF. SSF of a natural substrate by P. ostreatus was studied by using cotton stalks as described previously (13) . An Mn-deficient inoculum was prepared by twice transferring homogenized hyphae to Mn-deficient liquid medium and then transferring the preparations to one of the following three solutions: distilled water, distilled water containing 120 ppm of Mn, or distilled water containing 600 ppm of Mn. Diluted inoculum (1 ml) was added to 2 g of autoclaved cotton stalks in water (1:1, wt/vol) in a 20-ml polyethylene cup. SSF in a chemically defined medium was performed as described previously (14) by using the following four initial Mn concentrations: no Mn (Mn-deficient; Mn deleted from the medium); and 46 M, 580 M, and 2.7 mM MnSO 4 added to the chemically defined medium. The media were inoculated by using an Mn-free inoculum, poured onto perlite particles, and incubated at 30ЊC. Perlite (agricultural grade; Agrical, Habonim, Israel) was used as the solid support for SSF. Before growth media were added, the impurities were washed off the solid particles with 5% (wt/vol) nitric acid and then with distilled water until the pH of the washing water was 5.0.
A typical preparation consisted of 1.5 g of dry perlite in a 20-ml polyethylene cup to which 6.0 ml of inoculated chemically defined medium was added. Each experiment was conducted three times, and each treatment consisted of five replicates.
Mn concentration analysis. The concentration of soluble Mn in each synthetic medium was determined by washing the inoculated medium with 2 volumes of double-distilled water, acidifying the washing water with 5% (wt/vol) HNO 3 , and analyzing the preparation with an inductively coupled plasma-atomic emission spectrometer (Spectroflame; Spectro, Analytical Instruments, Kleve, Germany). The concentration of Mn in the cotton stalks was determined by burning 1 g of cotton stalks after inoculation, solubilizing the ash in 70% HNO 3 , diluting the preparation until it contained 5% acid, and analyzing the preparation as described above.
Determination of CO 2 evolution. Serum bottles were sealed with gas-tight caps for 1 h. Air samples (1 ml) were taken at zero time and after 1 h to determine the concentration of evolved CO 2 by gas chromatography with a gas chromatograph (model 580; Gow-Mac Instrumentation Co., Bridgewater, N.J.) equipped with a Poropak Q column and a thermal conductivity detector. The results were expressed in millimoles of CO 2 per bottle per hour.
Substrate analysis. The fermented product (five replicates per treatment) was dried in a 60ЊC oven, ground, and passed through a 2-mm-pore-size screen by using a Wiley mill. The ground sample was used to determine the acid detergentsoluble compound, cellulose, and acid-insoluble lignin (ADL) contents by the Goering-Van Soest method (4) . The method of Theander and Westerlund (29) was used to determine the lignin contents of ground samples with no pretreatment. Original cotton stalks and treated samples were analyzed to determine in vitro digestibility values (30 To study radioactive cellulose utilization during SSF on a synthetic medium, labeled cellulose (1 ϫ 10 5 dpm, 10 Ϯ 0.1 mg) was added to each of five replicates consisting of 1.5-g portions of perlite in 20-ml polyethylene cups before sterilization. To study radioactive compound utilization during SSF on a natural substrate, radioactive substrate (either [ ) was added to each of five replicates consisting of 1-g portions of ground cotton stalks in 20-ml polyethylene cups before sterilization. Each polyethylene cup was then sterilized, inoculated as described above, sealed in a 300-ml biometer flask (1) with two gas-tight caps, and incubated at 30ЊC.
14 C-labeled substrate, mixed as described above with the SSF substrate in a plastic cup, was autoclaved and then incubated with all media for 30 days as a control. The evolved 14 CO 2 in each flask was dissolved in an NaOH trap daily (14) , and the flask was then flushed for 1 min with moistened, sterile atmospheric air. Sequential extractions were performed on the degraded SSF products. Distilled water (15 ml) was added to each sample, which was then transferred to a 50-ml conical plastic tube, ground, and soaked for 5 h. Aliquots (2 ml) of the solutions were removed for counting in Hionic-Fluor scintillation liquid (Packard Instruments, Downers Grove, Ill.). Lysing enzymes (from Trichoderma harzianum; Sigma Chemical Co., St. Louis, Mo.) were added to the water, which was then incubated for an additional 12 h. Aliquots (2 ml) of the solutions were removed for scintillation counting as described above. The remainder of each preparation was extracted with 23 ml of methanol-chloroform-water (2:1:0.8), oven dried (60ЊC), and dissolved in 10 ml of 72% H 2 SO 4 . Solutes were filtered through sintered glass (no. 1) and diluted fivefold. Aliquots (1 ml) of the solutions were removed for scintillation counting.
RESULTS

Effect of Mn levels on fungal respiration.
A time course study was performed to compare the effects of different Mn concentrations on P. ostreatus respiration (Fig. 1) during SSF of cotton stalks. Respiration was monitored to evaluate fungal growth and colonization. The respiration rates in the presence of 150 and 620 g of Mn per g peaked on day 10; the rates of CO 2 evolution under these conditions were 26 and 30 mol of CO 2 per bottle per h, respectively. In the control, the fungus reached its maximal level of respiration on day 11 (21 mol of CO 2 per bottle per h). The rates of CO 2 evolution for all treatments decreased thereafter to around 14 mol of CO 2 per bottle per h during the next 20 days of the experiment. In general, the addition of Mn resulted in higher metabolic activity, as shown by the higher curves obtained with the Mnamended preparations.
Effect of Mn levels on lignocellulose modification during SSF of cotton stalks. Growth of P. ostreatus on nonamended cotton stalks resulted in degradation of 16% of the initial organic matter after 32 days of fermentation, as calculated from the ash content (Table 1 ). The levels of organic matter degradation were 26 and 22% of the uninoculated substrate in the Mn-amended preparations. Preferential lignin degradation was observed in all preparations, as determined by analyses of the cotton stalks in which we used both the method of Goering and Van Soest (4) ( Table 1 ) and the Klason method (29) . In the control, 22% of the cellulose and 30% of the lignin were degraded. Both these components were further degraded when 
Effect of Mn levels on cotton stalk in vitro digestibility. The in vitro digestibility values for uninoculated cotton stalks were 24% of the dry matter (Table 1 ) and only 17.5% of the organic matter. Growth of P. ostreatus on nonamended cotton stalks resulted in increases in the digestibility values to 53% of the dry matter and 48% of the organic matter. Additions of Mn to the cotton stalks resulted in even higher digestibility values, 61.4 and 65.4% of the dry matter in the preparations containing 150 and 620 g of Mn per g, respectively; the levels of digestibility expressed as percentages of the amounts of organic matter in these final substrates were 56 and 61%, respectively.
Effect of Mn levels on [ ]cellulose were used as tracers in cotton stalks to compare the effects of various Mn levels on modification of the two major components of the lignocellulosic complex during 32 days of SSF of a natural substrate. The evolution of 14 CO 2 during SSF was continuously monitored at three Mn levels (Fig. 2) , as described above. At all Mn levels mineralization of lignin started on day 5, although the rates of mineralization were different. In the control preparation we observed a constant mineralization rate of 0.8% per day from day 9 to 20 and an accumulation of 18% of the total Unlike the results obtained for lignin, similar trends were observed in all preparations when we studied cellulose mineralization. Mineralization started on day 3, and the rate of 14 CO 2 evolution was 1.6% per day until day 8. From day 8 to day 11, more rapid mineralization was detected in all preparations; the rates were 2.9, 4, and 2.1% per day in the control, 150-g/g, and 620-g/g preparations, respectively. Mineralization was fastest during the next period in the preparation containing 150-g of Mn per g; the rate observed with this preparation was 1.2% per day, while the value for the control preparation was similar to the value for the preparation containing 620 g of Mn per g (0.9% per day). Accumulation of 29.5 and 28.8% of the total [ At the end of the experiment, the fermented cotton stalks were used to evaluate modifications in the labeled lignin and cellulose (Table 2) . Water-soluble components, including radioactivity released by lysing enzymes, accounted for 18, 21, and 19% of the total [
14 C]lignin in the control, 150-g/g, and 620-g/g preparations, respectively. ''Wet chloroform'' did not dissolve any additional labeled degradation products. The use of concentrated sulfuric acid (72%), which is routinely used to measure the lignin fraction in plant material, resulted in solubilization of 9 to 11% more of the [ 14 C]lignin products in all preparations (Table 2) . When we added these data and the accumulated values for mineralization, we obtained values of 48, 59, and 56% of the total [
14 C]lignin in the control, 150-g/g, and 620-g/g preparations, respectively.
The water-soluble components from the labeled cellulose accounted for 20, 24, and 22% of the original substrate in the control, 150-g/g, and 620-g/g preparations, respectively. Again, wet chloroform did not dissolve any additional products originating from [ 14 C]cellulose. Extraction with concentrated sulfuric acid (72%) resulted in high levels of radioactivity, and the level of recovery of 14 C was high; 33% was extracted from the control and 620-g/g preparations, and as much as 41% was extracted from the 150-g/g preparations ( ]cellulose mineralization during SSF in chemically defined medium. In a previous study (15) we described enhancing lignin degradation during chemically defined SSF by adding MnSO 4 to the growth medium. However, the fate of cellulose under these conditions was not determined. In this study, we monitored the effects of adding various concentrations on Mn(II) to synthetic growth media for P. ostreatus on cellulose degradation during SSF by using [ (Fig. 3) . However, the mineralization rate decreased only in the Mn-deficient medium from day 15 on, to 0.75% per day, reaching a plateau at 59.5% of the total [ 14 C]cellulose on day 85. The mineralization rate in the medium containing 2.7 mM Mn began to decrease on day 40, reaching a plateau at 53%. This phenomenon could have been due to the fungal growth inhibition described previously (15) rather than to inhibition of substrate degradation. In this study SSF was stopped after 99 days, at a plateau of 65% mineralization in the Mn-deficient medium and the media containing 46 and 580 M Mn.
DISCUSSION
In this study preferential degradation of lignin by P. ostreatus was enhanced by the addition of Mn(II) to the fermentation medium. The effect of Mn was most apparent when we examined mineralization of [ 14 C]lignin during the logarithmic growth phase on both cotton stalks and synthetic media. However, when the fermentation of cotton stalks entered the secondary growth phase, the rates of lignin mineralization remained constant, while the rates of mineralization of the cellulose component decreased sharply. An increase of 25% was observed in the rate of mineralization of cellulose in the preparation containing 150 g of Mn per g compared with the control treatment, but no increase was observed in the preparation containing 620 g of Mn per g. In contrast, the rate of lignin mineralization increased by 50% following the addition of either concentration of Mn to cotton stalks.
Enhancement of selectivity was also demonstrated by performing chemical analyses of the residual matter at the end of the fermentation period by both the Goering-Van Soest method (4) and the Klason method (29) . Klason lignin has previously been shown to provide a better estimate of the total lignin concentrations in forages than ADL, especially for grass species (9) . In this study we found that for cotton stalks (fermented and noninoculated), the level of Klason lignin was indeed higher (by 4% of the dry matter) than the level of ADL. The highest level of lignin degradation was observed when we added 600 g of MnSO 4 per g to cotton stalks, which resulted in degradation of 50% of the lignin and a small increase in cellulose degradation. The preferential degradation values were similar in terms of Klason lignin degradation versus weight loss or versus cellulose or in terms of ADL versus cellulose. The level of the cellulose (acid detergent) fraction in the uninoculated stalks was 2.3 times higher than the level of Klason lignin. The cellulose/lignin ratio increased during the 32 days of SSF from 2.5 in the control to 3.3 when 620 g of Mn per g was added to the medium. The degradation of both lignin and cellulose into water-soluble compounds, as revealed by dissolving 14 C products, showed that there were only slight differences between the Mn preparations. However, the most intensive degradation of both lignin and cellulose was observed in the preparation containing 150-g of Mn per g, whereas the least intensive degradation was observed in the control preparation.
The different degradation patterns also resulted in increased in vitro digestibility values for the organic portion of the substrate, which were higher than the values obtained for wheat straw. It has been suggested that delignification by white-rot fungi results in changes in cell wall structure beyond the simple removal of lignin (11, 12) . However, in this study we found a clear relationship between higher levels of lignin degradation and increased digestibility values.
Preferential lignin degradation was also observed when we dissolved the substrate in 72% sulfuric acid. In the [ C for this preparation was 104%, whereas for the other preparations the total levels of recovery were only 84 to 85%. The high level of recovery in the preparation containing 150-g of Mn per g could be a consequence of rapid degradation of lignin and cellulose to stable products which were readily dissolved. We should bear in mind that conducting SSF with cotton stalks results in a high level of dilution of the radioisotope marker in the natural substrate (10 to 20 mg/g [dry weight]). This may lead to an assumption that condensation reactions which occur during biological delignification and production of unstable products (free radicals, semiquinones, and quinones [10] ) cause a strong association of the labeled isotopes with the surrounding matter to develop. Higher levels of degradation and more rapid degradation of the whole matter reduce the possibility that such reactions take place. Higher overall levels of degradation were indeed observed when we compared respiration patterns and levels of residual matter in both Mn preparations and the control preparation.
Degradation of [ 14 C-cellulose]lignocellulose and the total recovery of 14 C when the residue was dissolved in 72% sulfuric acid were also studied under chemically defined SSF conditions by using perlite particles as the support and synthetic liquid media. Mineralization began when the glucose in media containing 0 to 2.7 mM Mn was completely consumed. No differences in cellulose mineralization patterns and levels were observed during the first 18 days. Thereafter, the mineralization rates in the presence of 46 and 480 M Mn remained constant, whereas the rates in the presence of 0 and 2.7 mM Mn decreased. A comparison of these results with lignin mineralization data obtained under the same experimental conditions (15) emphasized the finding that addition of Mn enhances preferential lignin degradation. The levels of recovery of 14 C were 98 to 100% for all preparations when we used the concentrated sulfuric acid method.
Many white-rot fungi oxidize Mn during delignification (2, 15, 16, 25, 27, 32, 34) . It has recently been suggested that Mn oxides lyse complex humic substances, which in general cannot be utilized by microorganisms directly, to form low-molecularweight organic compounds that can be used as substrates for microbial growth (28) . Lignin, which is closely related in terms of chemical structure to humic substances, can be used as a carbon pool for microorganisms capable of oxidizing Mn. On the other hand, it has been suggested that cellulose degradation in nature requires the activity of small agents that can attack the cellulose at the beginning of lignocellulose decay, thereby enabling the relatively large cellulase molecules to penetrate the plant tissue (8) . Mn, in combination with extracellular production of hydrogen peroxide, could suit the demands of this process. However, Halliwell (8) examined a large group of transition metals (including Mn sulfate) in different oxidation states and combined with various ''biological'' concentrations of hydrogen peroxide. He found that only ferrous or ferric salts are effective in promoting the degradation of cellulose under experimental conditions. In this study we observed enhancement of preferential lignin degradation when Mn was added to the fermentation substrate. This could have been the result of either an increase in the activities of ligninolytic enzymes or production of Mn(III), which might preferentially degrade aromatic structures in the lignocellulosic complex.
